Although adipose stem cell-conditioned medium (ASC-CM) has demonstrated the effect of promoting the cutaneous wound healing, the mechanism for this response on the effector cells (e.g., dermal fibroblasts) during the process remains to be determined. In this study, we aim to investigate the types and contents of cytokines in ASC-CM and the effects of some kinds of common cytokines in ASC-CM, such as EGF, PDGF-AA, VEGF, and bFGF, on dermal fibroblasts proliferation and migration in wound healing process. Results showed that these four cytokines had high concentrations in ASC-CM. The migration of skin fibroblasts could be significantly stimulated by VEGF, bFGF, and PDGF-AA, and the proliferation could be significantly stimulated by bFGF and EGF in ASC-CM. Additionally, ASC-CM had more obvious promoting effect on fibroblasts proliferation and migration than single cytokine. These observations suggested that ASC-CM played an important role in the cutaneous injury partly by the synergistic actions of several cytokines in promoting dermal fibroblasts proliferation and migration, and ASC-CM was more adaptive than each single cytokine to be applied in promoting the wound healing.
Introduction
During the last decade, adipose-derived stem cells (ASCs) have been gaining increasing attention in tissue repair therapeutic application since they were first isolated from adipose tissues in 2001 [1] [2] [3] . ASCs are a population of multipotent mesenchymal cells, with similar characteristics to bone marrow-derived mesenchymal stem cells (BM-MSCs), which are classical cell source for tissue regeneration. Furthermore, compared with BM-MSCs, ASCs have been shown to be immunoprivileged and appear to be more genetically stable in long-term culture [4] [5] [6] .
Numerous studies have indicated that ASCs may contribute to tissue injury repair or regeneration. In recent years, the mechanisms of ASCs promoting tissue wound healing caused huge attention, and the paracrine mechanism might be the most effective way for ASCs to promote wound healing; that is, they exert their effect by secreting cytokines and growth factors acting on neighboring cells to repair damaged tissues [7] [8] [9] . ASC-conditioned medium (ASC-CM) contained a great many biologically active factors secreted by ASCs, and it has the distinct advantage of being applicable via local or intravenous injection. More importantly, the contents of major cytokines in the ASC-CM can be precisely quantitated. Thus, ASC-CM has its good application prospects.
Fibroblasts, one of the dominant components of dermal structure, serve as critically important function all through the whole skin wound healing process. In the early stage of wound healing, they migrate to the traumatized region to promote the regeneration of blood vessels and granulation tissue formation via secreting some angiogenesis factors. And in the advanced trauma repair, a large number of fibroblasts mature into myofibroblasts, which are conducive to promoting wound closure [10, 11] . Therefore, the migration and proliferation of fibroblasts are the key links in wound healing process, and the elucidation of the mechanism behind the effects of ASC-CM on fibroblasts migration and proliferation would contribute to the optimization of the clinical application of ASC-CM to wound healing.
However, it is so far unknown whether there is a correlation between the ASC-CM concentration and the efficacy of ASC-CM in promoting the migration and proliferation of skin fibroblasts. Since there are very few reports on the main functional factors in ASC-CM and their action mechanism, a thorough investigation of these issues, which is the focus of this study, will contribute to a better understanding of the ASC paracrine mechanism and ultimately lead to an improved use of ASC-CM in wound healing.
Materials and Methods

Isolation, Culture, and Identification of Primary Human
Skin Fibroblasts. Skin fibroblasts were isolated and cultured as previously described [12] . Briefly, human foreskins were obtained aseptically from donors (16-30 years old) undergoing circumcision after obtaining their written informed consent. All the procedures were approved by the Ethics Committee of Wuhan Union Hospital. The samples were washed several times with 75% alcohol and sterile PBS (Hyclone, Thermo Scientific, USA) containing 1% antibiotic (100 U/mL penicillin/streptomycin) and were treated with 4 mg/mL dispase II (Gibco, USA) overnight at 4 ∘ C to separate epidermis and dermis [12] . The dermis was then cut into small pieces and digested with 0.1% collagenase type I (Gibco, USA) for 4 hours at 37 ∘ C to isolate fibroblasts. Cells were cultured at 37 ∘ C in 5.0% CO 2 and medium was changed every 2-3 days. P3 cells were used for immunofluorescence staining of vimentin and cytokeratin 15 (Santa Cruz, USA).
Isolation, Characterization, and Multidifferentiation
Assay of ASCs. Human subcutaneous adipose tissues were obtained from female patients (18-35 years old) undergoing lipoaspiration surgery after obtaining written informed consent and approval by the Ethics Committee of Wuhan Union Hospital. The procedures described by Hu et al. were utilized for this purpose [13] . Cells were cultured in specific mesenchymal stem cells culture medium (Cyagen) and P3-P7 cells were used for the present study. The surface markers CD13, CD14, CD44, CD90, CD105, and CD34 were tested by flow cytometry and analyzed by a standard Becton-Dickinson FACSAria instrument and the CellQuest Pro software (BD Biosciences). After ASCs had been diversely differentiated into multiple lines, the adipogenic lineage was detected by Oil-Red-O (Sigma) staining for lipid droplets, and the osteogenic lineage was detected by alizarin red (Sigma) staining for calcium depositions. At the same time, the expression of peroxisome proliferator-activated receptor gamma (PPAR-) was tested by RT-PCR during the adipogenesis process and runt-related transcription factor 2 (Runx2) was tested during the osteogenesis process.
Preparation of ASC-CM and Protein Microarray Analysis.
ASCs were cultured until reaching 80% confluence. The culture medium was then replaced with serum-free DMEM/F-12, and ASCs were cultured for another 48 hours. The ASCsconditioned medium (ASC-CM) was collected, centrifuged at 1,000 rpm for 5 minutes, and filtered through 0.22 m syringe filter. Thus, the ASC-CM contained DMEM/F-12 and any factors secreted by ASCs. ASC-CM was stored at −20 ∘ C, and 5 mL medium was used for protein array analysis with the RayBio Biotin Label-based Human Antibody Array I (Cat. No. AAH-BLM-1-2, Norcross, GA) which contains antibodies for 507 human proteins. Three ASC-CM samples (ASCs were derived from three different donors) were used to do protein microarray analysis.
Migration
Assays. The effect of ASC-CM on cell migration was determined by transwell assay and scrape-wound healing assay. In transwell assay, 1 × 10 5 fibroblasts were seeded into the upper chamber of the insert (transwell plates are 6.5 mm in diameter with 8 m pore filters; Corning Costar, Cambridge, MA), with 300 L of culture medium in upper chamber and 600 L medium in lower chamber. After the cells adhered, the medium in the upper chamber was changed with serum-free DMEM/F-12. To determine the respective effects and the optimal concentrations of EGF, PDGF-AA, VEGF, and bFGF in ASC-CM, the culture medium in the lower chamber was changed with (i) 50% ASC-CM, which was the optimal ASC-CM concentration for promoting fibroblasts migration in our previous study [13] , with different concentrations of cytokines (EGF, PDGF-AA, VEGF, and bFGF, at 0, 1, 10, 20, 50, and 100 ng/mL, resp.), (ii) 50% ASC-CM with the neutralizing antibody of each cytokine, or (iii) serum-free DMEM/F-12 not containing ASC-CM. According to our preliminary studies results [13] , we chose to evaluate fibroblasts migration at 24 h (the migration of fibroblasts was most active at this time point after being stimulated by 50% ASC-CM). The migrated fibroblasts were digested by trypsin-EDTA and counted under microscopy. After that, to compare the effects of ASC-CM and each cytokine, another experiment group was designed: the culture medium in the lower chamber was changed with DMEM/F12 with EGF, PDGF-AA, VEGF, or bFGF (at their optimal concentration). The above result of 50% ASC-CM was quoted and the assay procedure was the same as mentioned previously. All experiments were done in triplicate.
In scrape-wound healing assay, fibroblasts were seeded into 12-well plates with culture medium until they reached 80% confluence. These monolayers were then scored with a sterile pipette tip to leave a plus shape scratch of approximately 0.4-0.5 mm in width. Culture medium was then immediately removed and changed with (i) 50% ASC-CM, or (ii) 50% ASC-CM with the optimal concentration of each cytokine, or (iii) 50% ASC-CM with the neutralizing antibody of each cytokine.
Proliferation
Assays. The effects of the ASC-CM cytokines on fibroblasts proliferation were determined utilizing CCK-8 assay. Briefly, 2 × 10 3 fibroblasts were seeded into the 96-well plates for 24 h to adhere. Then the medium was changed with (i) 50% ASC-CM with different concentrations of cytokines (EGF, PDGF-AA, VEGF, and bFGF at 0, 1, 10, 20, 50, and 100 ng/mL, resp.), (ii) 50% ASC-CM with the neutralizing antibody of each cytokine, or (iii) serum-free DMEM/F-12 not containing ASC-CM. After that, in order to compare the effects of ASC-CM and each cytokine, another experiment group was designed: the culture medium was also changed with DMEM/F12 with EGF, PDGF-AA, VEGF or bFGF (at their optimal concentration). The above result of 50% ASC-CM was quoted. We chose to evaluate the cell proliferation in its logarithmic growth phase (day 3). All experiments were performed five times.
Statistical Analysis.
All values are expressed as the mean ± SD. Comparisons between the two groups were analyzed by Student -test and among more than two groups by ANOVA and then followed by posthoc Fisher's LSD. A value of <0.05 was considered significant. All analyses were performed with SPSS 16.0.
Results
Morphologies, Flow Cytometry, and Multidifferentiation.
Primary fibroblasts were spindle-shaped and distributed in a radial or swirl configuration (Figure 1(a) ), and nearly all of the cultural cells were positive for vimentin ( Figure 1(b) ) and negative for cytokeratin 15 (Figure 1(c) ). Primary ASCs demonstrated polygonal or round morphology in 24 hours, then displayed similar fibroblast-like or spindle-shaped morphology around 2 days, and were distributed in clusters. In the analysis by flow cytometry, P3-P4 ASCs were positive for the surface markers CD13, CD44, CD90, and CD105 (>90% of the population) and were negative for CD14 and CD34 (Figure 1(d) ). We could observe a significant number of intracellular lipid droplets stained with Oil-Red-O when ASCs were cultured in adipogenesis medium for 21 days (Figure 1 (e)) and calcium deposits were present when ASCs were cultured under osteogenic conditions for 21 days, as shown by alizarin red staining (Figure 1(f) ). The relative genes expression showed a clear trend, gradually increasing during the differentiation process (Figures 1(g) and 1(h)).
Protein
Microarray Analysis of ASC-CM. ASC-CM was assayed to determine the cytokines secreted by ASCs. Microarray analysis showed that ASC-CM contained a variety of cytokines [14] , and a total of 268 cytokines had a signal that exceeded that of the background by 300-fold after being normalized against the internal control (IC) ( Table 1 ). In these cytokines secreted by ASCs, EGF (relative concentration is 396 ± 29.5), PDGF-AA (relative concentration is 363.5 ± 34.5), VEGF (relative concentration is 360.5 ± 64.5), and bFGF (relative concentration is 389.5 ± 76) had high expression in ASC-CM (Figures 2(a) and 2(b)), and according to the previous literatures, they might have significant effects on cell migration and proliferation.
Migration Assay of Fibroblasts in the Stimulation of 50% ASC-CM with Different Concentrations of Cytokines and
Their Neutralizing Antibodies. To further characterize the effects of the various cytokines in ASC-CM on fibroblasts migration and to determine the most effective cytokines concentration, the responses of fibroblasts to 50% ASC-CM with different concentrations of various cytokines (EGF, PDGF-AA, VEGF and bFGF at 0, 1, 10, 20, 50, and 100 ng/mL, resp.) and their neutralizing antibodies were examined by transwell assay. Each group was compared with 50% ASC-CM group without any additional cytokines. The results shown in Figure 3 indicated that bFGF, VEGF, and PDGF-AA promoted migration of fibroblasts, and their promoting effects were inhibited significantly by neutralizing antibodies ( < 0.05), while EGF had no significant promoting effect on fibroblasts migration. Figure 3 also indicated that the optimal concentrations of bFGF and VEGF were both 20 ng/mL ( < 0.01), while that of PDGF-AA was 50 ng/mL ( < 0.05). Furthermore, the promoting effect of 50% ASC-CM on fibroblasts migration was more significant than that of the control group (not containing ASC-CM) and each single cytokine group, specially more significant than the effect of EGF ( < 0.01) (Figure 3(a) ). Simultaneously, the effects on fibroblasts migration were also further confirmed by scrapewound healing assay ( Figure 5 ).
Proliferation Assay of Fibroblasts in the Stimulation of 50% ASC-CM with Different Concentrations of Cytokines and Their
Neutralizing Antibodies. To further characterize the effects of the cytokines in ASC-CM on fibroblasts proliferation and to determine the optimal cytokine concentration, we examined the responses of fibroblasts to 50% ASC-CM with different concentrations of the cytokines (EGF, PDGF-AA, VEGF, and bFGF at 0, 1, 10, 20, 50, and 100 ng/mL, resp.) and their neutralizing antibodies. The results at day 3 were chosen to compare the effects of these cytokine at the respective concentrations, as day 3 was a time point of the logarithmic growth phase during which the cells proliferated significantly. The results shown in Figure 4 indicated that EGF and bFGF promoted fibroblasts proliferation, and their effects were significantly inhibited by neutralizing antibodies ( < 0.05), while PDGF-AA and VEGF had no significant promoting effect on fibroblasts proliferation. Figure 4 also indicated that the optimal concentration of EGF was 50 ng/mL ( < 0.05), and that of bFGF was 20 ng/mL ( < 0.05) (there were no significant differences among 20 ng/mL bFGF, 50 ng⋅mL bFGF, and 100 ng/mL bFGF groups). Furthermore, the promoting effect of 50% ASC-CM was more significant than that of the control group (not containing ASC-CM) and each single cytokine group.
Discussion
Dermal fibroblasts play a necessary role during the cutaneous wound healing [15, 16] . In the early stage of the wound healing, the proliferation and migration of dermal fibroblasts are activated, which are essential for wound contraction, extracellular matrix deposition, and tissue remodeling. In addition, wound repair is a complex process which depends on the interaction between the effector cells and cytokines, including EGF, PDGF-AA, VEGF, and bFGF [17] . ASCs have been demonstrated to have promoting effect on skin wound healing [18] . In our previous studies [13] , we have also determined that the ASC-CM was of benefit to the migration and proliferation of fibroblasts, keratinocytes, and endothelial cells, and these phenomena implicated the effectiveness of paracrine mechanism of ASCs. However, there are no definite answers to the questions. (1) What kinds of cytokines are there in the ASC-CM? (2) Which cytokine in ASC-CM plays more important role in the migration and proliferation of the dermal fibroblasts? (3) Is the effect of ASC-CM on the wound healing better than of a single cytokine?
To answer the questions above, in the present study, ASC-CM protein microarray analysis was performed to determine the concentrations of EGF, PDGF-AA, VEGF, and bFGF, which were demonstrated with significant promoting effect on the migration and proliferation of functional cells in wound healing [19] [20] [21] [22] . They all had a signal that exceeded 300-fold. The result suggested that the four kinds of cytokines may play important roles in the wound healing by the paracrine mechanism of ASCs.
Among the four kinds of cytokines above, EGF family may be the best-characterized growth factors in wound healing. A growing body of studies has demonstrated that EGF can accelerate reepithelialization by increasing the proliferation and cell migration of keratinocytes in acute wound [23] [24] [25] [26] [27] . V. Frelrd et al. [20] demonstrated the effect of EGF on fibroblasts proliferation, and our results confirmed the former result. In our study, EGF promoted the proliferation of fibroblasts. Along with the increase of EGF concentration, its promotional effect became progressively more powerful, and the plateau level of EGF appeared at concentration of 50 ng/mL, while this effect was significantly ( < 0.05) inhibited by its neutralizing antibody. However, there is limited understanding about the effect of EGF on migration. In the study, the detection result of migration was a little complicated when fibroblasts were stimulated by EGF. The migration of fibroblasts was ( < 0.01) promoted by EGF at a low concentration (1 ng/mL), but with the increase of concentration, the migrated cells number began to reduce, reaching the bottom at the concentration of 20 ng/mL, and then gradually picked up at the higher concentrations (>20 ng/mL), increasing most significantly at the concentration of 100 ng/mL ( < 0.05). A possible reason for this phenomenon is that EGF is a cytokine related to cell mitosis and exerts a significant effect on fibroblasts proliferation. Therefore, its effect on proliferation might obscure the effect on migration when it was at the higher concentrations of EGF (≥20 ng/mL).
A lot of evidence demonstrated the effect of bFGF, PDGF-AA, and VEGF on promoting the proliferation and migration Figure 3 : The effects of different concentrations or the neutralizing antibodies of cytokines in the 50% ASC-CM or DMEM on skin fibroblasts migration utilizing transwell assay. Migration was observed to be inhibited by EGF at 20 ng/mL, while being obviously promoted at 100 ng/mL (a). Fibroblasts migration was significantly promoted by PDGF-AA at 50 ng/mL (the optimal concentration) and 100 ng/mL, and the promoting effect was obviously inhibited when neutralizing antibody of PDGF-AA was added (b). VEGF was observed to make contribution to fibroblasts migration, and the optimal concentration was 20 ng/mL ( < 0.01), while this contribution was restrained by its neutralizing antibody ( < 0.05) (c). The bFGF at 20 ng/mL (the optimal concentration), 50 ng/mL, and 100 ng/mL obviously promoted fibroblast migration ( < 0.05), and its neutralizing antibody obviously inhibited fibroblast migration ( < 0.05) (d). In addition, compared with the control group (not containing ASC-CM) and each single cytokine group, specially the EGF, 50% ASC-CM significantly promoted the fibroblasts migration. * ( < 0.05); * * ( < 0.01); NA: neutralizing antibody group. Each group was compared with 50% ASC-CM without any additional cytokines. of fibroblasts [28, 29] . In our study, bFGF promoted the proliferation of fibroblasts, and with the increase of bFGF concentration, its promotional effect became progressively more powerful; the plateau level of bFGF was at 20 ng/mL (no more significant promoting effect with higher concentration). This effect was significantly ( < 0.05) inhibited by its neutralizing antibody. In addition, bFGF, VEGF, and PDGF-AA promoted fibroblasts migration in such a manner that, as the concentration of cytokines increased, their effect became progressively more powerful and the plateau level of bFGF was at 20 ng/mL, VEGF at 20 ng/mL, and PDGF-AA at 50 ng/mL. Once again, this effect was significantly ( < 0.05) inhibited by their neutralizing antibodies. These results suggested that bFGF was the main cytokine in ASC-CM promoting not only the proliferation but also the migration of fibroblasts. However, VEGF and PDGF-AA in ASC-CM only had a significant promoting effect on fibroblasts migration, with no significant effect on fibroblasts proliferation.
ASCs have demonstrated the effect of promoting the skin wound healing [18] . There is also ample evidence based on studies in vitro and in vivo to demonstrate that ASC-CM has effect of promoting skin wound healing due to the growth factors, cytokines, and chemokines [7] [8] [9] . However, there is limited understanding about whether the effect of ASC-CM Figure 4 : The effects of 50% ASC-CM with different concentrations of cytokines on proliferation of skin fibroblasts. The proliferation of fibroblasts was obviously promoted by EGF at 50 and 100 ng/mL (a) and also by bFGF at 20, 50, and 100 ng/mL (b), and their promoting effects were both inhibited by their neutralizing antibodies. However, PDGF and VEGF might not significantly contribute to fibroblasts proliferation (c and d). In addition, the promoting effect of 50% ASC-CM on fibroblasts proliferation was more significant than that of the control group (not containing ASC-CM) and each single cytokine. * ( < 0.05); * * ( < 0.01); NA: neutralizing antibody group.
on the wound healing is better than single cytokine. In our study, our results shown in Figure 2 and Figure 3 suggested that either on the migration or the proliferation of fibroblasts, the effect of ASC-CM was better than EGF, PDGF-AA, VEGF, or bFGF. On the other hand, we determined that the signal of 57 cytokines in ASC-CM exceeded 300-fold. Some cytokines, such as angiopoietin-1, 4, endothelin, TSP, IL-22, and EDA-2, have already demonstrated the effect of promoting the cutaneous wound healing [30] [31] [32] [33] [34] [35] . As a result, the effect of ASC-CM on the wound healing which was better than single cytokines may be explained partly.
Conclusion
In summary, ASC-CM promotes the proliferation and migration of skin fibroblasts, and a variety of bioactive factors in ASC-CM work together to promote wound healing. Therefore, compared to the individual application of commercially prepared cytokines, ASC-CM has better prospects for highly positive clinical applications. However, wound healing in vivo is a much more complex biological process, so more in vivo studies are needed on the effects of these cytokines on fibroblast proliferation and migration. In addition, the effects and mechanisms of other cytokines on wound healing will be investigated in the future studies.
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